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Certain metabolic aspects of adult rat epi-
dermis, notably respiration and utilization of
various substrates have been previously re-
ported (1, 2, 3). Since the main source of eel-
luJar energy is the mitochondrion, the isola-
tion and study of this subeellular organelle
might provide a valuable tool in comparing
the metabolic differences and similarities be-
tween epidermis and other tissues. Mitochon-
dna have been isolated from rat epidermis
and several studies have been made on these
preparations.
To review briefly, the mitochondrion (4, 5)
is a subcellular organelle varying very much
in size from tissue to tissue but recognizable
in electron microscope pictures by the pres-
ence of characteristic criss-cross inner-mem-
branes or cristae. Although originally associ-
ated with the function of respiration, it is
known now to be the seat of such varied ac-
tivities as fatty acid oxidation and synthesis,
the Krebs cycle, and oxidative phosphoryla-
tion.
For the biochemist, its function as the
prime source of energy fixation, in the form
of adenosine triphosphate (ATP) is over-
whelmingly important. When such foodstuffs
as sugars—primarily glucose—are oxidized
to carbon dioxide in the cell, this process is
accompanied by the liberation of large
amounts of energy. The mitochondrion is able
to trap a portion of this energy as ATP by
oxidative phosphorylation, the process in
which inorganic phosphate is fixed into ATP
in very definite ratios to the amount of oxy-
gen concomitantly fixed into H,O. The ratio
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of phosphate to oxygen (P/O ratio) varies
with the substrate used, and can be expressed
as the ratio of 1) Phosphate removed from the
incubation medium to oxygen consumed 2)
ATP formed to oxygen consumed or 3) Glu-
cose-6-phosphate formed to oxygen consumed.
Mitochondria have been isolated from many
types of cells, and shown to be able to carry
out this process, but until recently (6, 7) skin
has eluded the efforts of investigators.
ATP is a high energy-containing compound
that is used in all living systems to drive
endergonic (energy requiring) biochemical
reactions. The process of cell division re-
quires ATP, but the speed of cell division in a
given tissue may be influenced by many other
factors.
The resting metabolism of the skin is very
sluggish, but accelerates rapidly when injury
takes place. In an earlier study, we demon-
strated that the addition of a number of bio-
chemical agents, principally adenosine di-
phosphate (ADP), the immediate precursor of
ATP, was necessary for respiration and sub-
strate utilization in relatively crude prepara-
tions (1, 2, 3). However, these same prepara-
tions had a strong ADP hydrolyzing activity.
In order to gain some insight into what
processes were taking place, we determined to
isolate epidermal mitochondria, and to com-
pare them with mitochondria from a well-
studied tissue such as liver.
Briefly summarized, we isolated from liver
mitochondria that are capable of oxidative
phosphorylation within theoretical limits, and
are morphologically intact. Using similar
methods, we isolated mitochondria from epi-
dermis. These mitochondria are not nearly as
pure, and, although morphologically intact,
are quite different in appearance from liver
particles. They are able to respire and to fix
phosphate, but the values obtained so far dif-
fer greatly from those of liver. We are yet
unable to determine whether the differences are
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inherent or are a result of the isolation pro-
cedure or contamination.
METHODS AND MATERIALS
Rat skin epidermis was prepared as previously
reported (8) and homogenized in an improved
version of a grinding apparatus (9). The prepara-
tions were subjected to centrifugal fractionation
in a Servall RC-2 Refrigerated Centrifuge. Liver
specimens were treated the same way as the epi—
dermal preparations. Materials examined in the
electron microscope were fixed overnight in 5 per
cent glutaraldehyde, washed, fixed in osmic acid
and then embedded.
Respiration was measured in the Warburg
respirometer and ADP was assayed as previously
reported (3). Glucose-6-phosphate was assayed
using a modification of the method of Hohorst
(10). ATP was assayed using a modification of the
method of Lemprecht and Trautschold (11). Phos-
phate was determined on controls and incubations
by the method of Gomori (12).
EXPERIMENT I
Method
Mitochondria were isolated by conventional tech-
nics.
TABLE I
Preparation of mitochondria
The procedure followed in isolated mitochon-
dna from rat liver and rat epidermis.
10 gin Tissue Homogenized in 0.88 M or 0.25 M
Sucrose, 90 ml 10 M Tris/HCI, 10 M
Tris/EDTA, pH 7.4 at 0°C
Centrifuge
Supernatant
Centrifuge at 30,000 X
—p Discard
Supernatant
Precipitate, resuspend in 15 ml sucrose
Centrifuge 600 X g 15 minutes
Supernatant
Centrifuge 10,000 X g, 30 mm
Precipitate-mitochondria
TABLE II
Assay mixture for the determination of PlO ratios
The reagents were contained in a total volume
of 2.0 ml, incubated in the Warburg Respirometer,
and the reaction stopped by the addition of 1.0
ml of 10 per cent TCA.
Addition Quantity
Tris/HC1 Buffer pH 7.4 at 37°C 80 pmoles
Glucose 40 pmoles
KH2PO4 20 /Lmoles
ATP 6 pmoles
Cytochrome C .3 pmoles
KF 50 pmoles
MgCli 20 pmoles
DPN 2 pmoles
Substrate 20 pmoles
Hexokinase
.5 pg
Mitochondria +
Addition Quantity
KPO4 buffer pH 7.4 10 pmoles
Cytochrome C .3 pmoles
Tris/HCI buffer pH 7.4 30 pmoles
Nicotinamide 30 pmoles
Na Glutamate 150 pmoles
DPN 2 pmoles
Na Malate 150 pmoles
Mitochondria +
TABLE III
Assay mixture for malic dehydrogenase
The reagents were contained in a total volume
of 2.0 ml and incubated in Warburg flasks at 37°C.
600 X g 15 mm —* discard
precipitate Rat epidermis and liver mitochondria were pre-
pared as shown in Table I. Either portions of
livers obtained from freshly killed rats, or epi-
g, 30 mm dermis scraped from stretched shaved rat skins,
also obtained from freshly killed rats were used.
Portions were taken from starting materials and
final precipitates for electron microscope photo-
graphs.
To test mitochondria for oxidation phosphoryla-
tion, they were incubated with the mixtures shown
in Table II. Epidermal mitochondria were assayed
for malic dehydrogenase activity using reagent
mixtures shown in Table III. Extracts of rat liverDiscard
mitochondria were prepared by heating a suspen-precipitate sion to 100° for 10 minutes, centrifuging to remove
the protein, and using the resultant supernatant.
______________________________
Results
Figure 1 is an electron microscope picture
of rat liver mitochondria in situ before
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Fio. 1. An electron microscope picture of rat liver mitochondria in situ before homoge-
nization. The tissue has been suspeoded in sucrose before fixing. The magnification is indi-
cated by the mark, which is one micron in length.
homogenization. Figure 2 shows the isolated
liver mitochondria the same size, shape and
structure as in Figure 1. Figure 3 shows a
section of epidermal scraping before homoge-
nization and Figure 4 shows the isolated
mitochondria, again the same size and shape
as those in the intact cell.
When liver mitoehondria isolated in this
way were tested for oxidative phosphoryla-
tion with 3 different substrates, they gave the
results shown in Table IV. This close agree-
ment between theoretical and experimental
values would indicate that the methods used
in their isolation were satisfactory, and that
skin mitoehondria treated in similar fashion
might not be damaged by such treatment.
When epidermal mitochondria were incu-
bated with the mixtures in Table II, no phos-
phate was removed from the medium, but
respiration could be measured. Using various
enzymes of the Krebs cycle as biochemical
markers in the fractionation of epidermis
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Fic. 2. An electron microscope picture of rat liver mitochondria after isolation by the
procedures shown in Table I.
(testing the several fractions for a number of
Krcbs cycle enzymes in each), we found that
virtually all of the respiratory activity was
to be found in the mitochondrial fraction, and
that the most potent Krebs cycle enzyme
present was malic dehydrogenasc.
The assay of such fractions, as shown in Fig-
ure 5, revealed a reasonable initial velocity.
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FIG. 3. An electron microscope picture of an epidermal scraping before homogenization.
Numerous mitochondria can be seen that are light and circular in appearance.
But although the epidermal mitochondria We reasoned that the skin mitochondria
were more concentrated (referring to the might be deficient in some essential ingrcdi-
original wet weight of tissue) than the liver ent and prepared an extract of liver mitochon-
mitochondria tested, the reaction velocities dna. When this extract was added to the
quickly decreased, incubation mixture, it had no respiratory activ-
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Pro. 4. An electron microscope picture of mitochondria isolation from rat epidermis by
the procedures shown in Table I. They are similar in size and shape to that shown in Figure 3.
ISOLATION OF EPIDERMAL MITOCHONDRIA 73
Substrate
Phos-
phatejmoles
Oxygen
Con-
Sump-
tion
esatoms
1.80
P/O Ratio
Ob- The-
served ory
3.3 4.0a-keto Glutaric Acid 5.94
Succinic Acid 6.43 3.40 1.9 2.0
Malic Acid 15.64 4.34 3.6 3.0
FIG. 5. The results of respiration experiments
testing malic dehydrogenase activity of epidermal
mitochondria. The mitochondria were incubated
with the mixtures shown in Table III, with various
additions or subtractions as stated on the Figure.
The upper curve represents the complete mixture
and liver mitochondria extract. The middle curve
has the full mixture and no liver extract. The
two bottom curves represent the effect of no malic
acid either with or without the addition of liver
extract.
30 60 90
Time in Minutes
FIG. 6. This figure shows an assay of cytochrome
oxidase activity of rat epidermal mitochondria.
The flasks contained ascorbate, cytochrome c,
phosphate, A1C13 and buffer. The upper curve
shows the stimulating effect of liver mitochondria
extract, the middle curve is cytochrome c respira-
tion of epidermal mitochondria, and the bottom
curve shows that the liver extract has no cyto-
chrome oxidase activity of its own.
EXPERIMENT 2
Methods
ADPase activity was determined by incubating
an aliquot of each epidermal fraction with buffered
ADP and following the rate of ADP disappearance.
The incorporation of P52 orthophosphate was meas-
ured by incubating epidermal mitochondria with
the mixture shown in Table V.
There were three identical mixtures, 0 time
control, a 5 minutes and a 25 minute incubation
at 37° C. At the times indicated, the reactions were
stopped by the addition of 1.0 ml of 10 per cent
trichloracetic acid, mixed well and chilled. They
were centrifuged to remove the protein, and au-
quots were removed, and poured through a small
column of acid washed activated charcoal. Char-
coal of this type has been shown to absorb adenine
nucleotides from acid solutions (13). The charcoal
was well washed with distilled water to remove
inorganic phosphate and then the adenine nucleo-
tides eluted with 1 per cent ammonium hydroxide
in a mixture of 60 ml distilled water—40 ml 95
per cent ethyl alcohol. The eluates were evaporated
to dryness in a stream of nitrogen, and then taken
up in distilled water.
Aliquots were spotted on a single sheet of What-
man No. 3 MM chromatographic paper and along
with the appropriate controls and markers, chro-
matographed in a mixture of isobutyric acid—100,
1.0 M NH4OH-60, .1 M EDTA-l for 40 hours. The
papers were dried and examined in ultraviolet light
for AMP, ADP, and ATP spots. The spots were
marked, and the paper was cut into strips 1" wide,
ity by itself, but allowed malic dehydrogen-
ase activity to continue at a high velocity.
Similar results were obtained in assaying
cytochrome oxidase (Figure 6). There was
almost rio succinic dehydrogenase activity in
these preparations.
TABLE IV
Oxidative phosphorylation by liver milochondria
PlO ratios obtained with three
different substrates
The values obtained in testing oxidative phos-
phorylation in liver mitochondria using three
different substrates. The observed values are in
reasonable agreement with the currently accepted
theoretical values.
w 30C
250z
w
200
(0
'U
150
-J0
5.,
100
50
Skin Mitochondria
Liver Extract
Skin Mitochondra
Liver Extract
a,
0
C
a,a'
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so that each incubation chromatogram was con-
fined to a single strip. These strips were then cut
into ½" pieces, numbered in sequence, and counted
in a thin window counter.
Results
In none of the experiments with epidermal
mitochondria was it possible to demonstrate
the disappearance of inorganic phosphate
from the medium. Generally the measurable
inorganic phosphate increased, due to the
hydrolysis of added ADP (8, 14). Table VI
shows that approximately 50 per cent of the
epidermal ADPase activity is in the mito-
chondrial fraction. If added ADP or ATP are
being hydrolyzed by preparations of epider-
mal mitochondria, then it would be impossible
to demonstrate the disappearance of inor-
ganic phosphate from the medium. Even if the
incubation mixture contained high concentra-
tion of ADP, ATP, hexokinase and glucose
the net effect would be to generate more in-
organic phosphate, until all available ADP
and ATP had disappeared.
But if large amounts of ADP and ATP
were incubated along with P' orthophos-
phate, then any new ATP formed would be
radioactive. It would mix with the non-radio-
active ATP and even though both kinds of
TABLE V
Incubation mixture for 32 experiment
There were three incubations each containing
a total volume of 2.0 ml. At 0 time, 5 mm and 25
mm, the reaction was stopped by the addition of
1.0 ml of 10 per cent TCA, the tubes centrifuged,
and the supernatant treated as indicated.
Addition Quantities
Nicotinamide
Na Glutamate
EYO4 Buffer pH 7.4
Tris/HCl Buffer pH 7.4
MgCI3
KF
ATP
ADP
DPN
Na Malate
Liver Extract
p22 Phosphoric Acid (carrier
free)
Skin Mitochondria in .88 M
sucrose
30 tmoles
150 pinoles
4 jtmoles
20 pmolcs
20 pmoles
50 imoles
25 /Lmoles
25 pmolcs
2 smoles
150 tsmoles
.2 ml
.6 millicurics
.5 ml
ATP were equally susceptible to hydrolysis,
radioactive ATP would tend to accumulate due
to the protective action of a large ATP
"pool".
The results of the r incorporation experi-
ment are shown in Figure 7. It can be seen
that in the 25-minute incubation, consider-
able radioactive phosphate has been incor-
porated into ATP.
EXPERTMENT 3
Methods
Epidermal scrapings were placed in ice cold .88
M sucrose 10 M Tris/HC1, 10 M Tris/EDTA,
fitted with a stirrer and connected to a pH meter,
and the contents titrated with .01 M KOH in .88
M sucrose to maintain a pH of 7.4. Further treat-
ment was carried out as in Table I. Malic and
succinie dehydrogenase activities were assayed us-
ing the mixtures in Table VII. Cytoehrome oxidase
was assayed as stated in Figure 6.
Results
At this point in our investigations, we
found that the pH of epidermal homogenates
prepared in 10 M Tris/HCI-sucrose solutions
was approximately 6.5. Although the term
"physiological pH = 7.4" is only acknowl-
edged to hold true for normal human serum,
nevertheless we felt that such an extreme
deviation from pH 7.4 might have serious ef-
fects on the particles we were trying to iso-
late. The use of strong buffers in isolating
mitochondria is considered detrimental to the
final product, so we maintain the pH of 7.4 by
titrating the epidermal scrapings immediately
after removal. Even though the epidermal
surfaces are chilled, washed, and some of the
stratum eorneum removed and discarded, the
amount of acidity still remaining requires
some 20 emoles of KOH/gm epidermis to
maintain at pH 7.4. The identity and quanti-
tntion of the acids present is currently under
investigation.
Using preparations maintained at pH 7.4,
fractionations were performed as before, and
mitochondrial pellets isolated. We were now
able to detect a strong succinic dehydrogenase
activity, as well as malic dehydrogenase and
eytochrome oxidase.
Figure 8 shows succinic dehydrogenase ac-
tivity of these "titrated" preparations, and
Figure 9 shows malic dehydrogenase activity.
ISOLATION OF EPIDERMAL MITOCRONDRIA
TABLE VI
ADPase activity in fractions of epidcrinis
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A diagram of isolation procedures and the results of ADPase assay on each fraction. The various
fractions were incubated with buffered .O1M ADP, and aliquots removed at 20 mm intervals, the
reaction stopped by the addition of trichloroacetic acid, protein removed by centrifugation, and the
supernatant assayed for ADP. The corrected velocity of ADP disappearance is shown in the right hand
column.
Epidermal Homogenate, centrifuged at 700 X g 20 mm ADPase activity
/LM Hydrolyzed/
mi/hr
(corrected)
Supernatant
Centrifuge 200,000 X g 1 hr
Precipitate discard
Precipitate—--———————— 6
000
C
0.
00
7
Fia. 7. This figure is a representation of the three chromatograms in the regions of the
ATP and ADP spots. At the top of the figure are the relative positions of ATP, inorganic
phosphate and ADP. Each number at the bottom of the figure represents one of the ½"
strips of paper which has been counted.
Centrifuge 30,000 X g 20 mm
Supernatant
Centrifuge 100,000 X g 1 hr
20
Precipitate (mitochondria)—— 12
Precipitate 4
3.2
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TABLE VII
Incubation mixtures for testing malic and succinic dehydrogenase and the appearance
of glucose-C-phosphate
Each reaction mixture was contained in a volume of 2.0 ml in a Warburg flask. All incubations were
made at 37° and 02 uptake readings taken at 20 mm intervals. When the experiment was complete, the
reactions and the mitochondria controls were stopped by transferring the contents of each flask to a test
tube, and boiling for 10 mm. The 0 time controls, having the same contents as the first assay mixtures
for each enzyme were incubated 10 mm, mitochondria tipped in from the sidearm, immediately taken
off, contents transferred to test tubes and boiled 10 mm. In other 0 time controls, all reagents were
added to a test tube, tbis test tube placed in boiling water and the mitoehondria added to this. The
G-6-P values obtained have been subtracted from the values shown.
Additions Ouantity Malic Dehydrogenase Succinic Dehydrogenase
Glucose 40pmoles ++ + + + + + + + + + +
KH2PO4 20pmoles + + + + + + + + + + + +
Nictotinamide 30 pmoles + + + + + +
Na Glutamate 60 pmoles + + + + + +
CytoehromeC .3pmoles + + + + + + + + + + + +
MgCI2 20pmoles + + + + + + + + + + + +
ADP 20pmoles + + + + + + + + + + + +
Hexokinase 1mg + + + + + + + + + + + +
CaCl2 1.2pmoles + + + + + +
A1CI2 1.2pmoles + + + + + +
ICON 2pmoles 2 2 2 2
KF S0pmoles 2 2 2 2 2 2
Tris/HCIpH7A 200pmoles + + + + + + + + + + + +
DPN 4pmoles + + + + + +
NaMalate G0pmoles 9 2 2 2 D 0
Na Suecinate 60 pmoles 2 2 2 9 0 0
SkinMitoehondriacorre- + + + + + + + + + + + +
sponding to 1.3 gm epi-
dermis
02 uptake p liters/hr 22 3 3 25 10 17 21 2 2 21 2 2
A Glucose-6-Phosphate .27 .29 .25 .19
.32 .07 .27 .29 .07 0 .19 0
It cnn be seen that oxygen consumption is
stimulated by the nddition of substrate and
inhibited by cyanide.
EXPEaIMENT 4
Methods
F'2 orthophosphate incorporation into ATF was
measured by incubating "titrated" skin mitochon-
dna with the mixtures shown in Table VIII and
then treating as in Experiment 2.
Glueose-6-phosphate formation was measured by
incubating "titrated" skin mitochondria with the
mixtures shown in Table VII and the assaying for
glucose-6-phosphate.
Results
In Figure 10, the counts per minute from
ATF are plotted as a function of time. It can
be seen that there is considerable incorpora-
tion of P'2 into ATP.
Despite the enhanced activity of titrated
epidermal mitochondria, it is still not possi-
ble to demonstrate net disappearance of or-
thophosphate from the incubation media.
However, we can demonstrate the net forma-
tion of ATP using the following experimental
approach. If only ADP is added to the medium,
then all ATP formed must be via some mito-
ehondrial phosphorylating mechanism, prob-
ably oxidative phosphorylation. If ADPase
and ATPase activities are present also, then
all esterifled phosphate will end up as ortho-
phosphate. But, if a large excess of hexoki-
nase is added, along with glucose and Mg,
then as soon as ATP is formed, it will donate
its phosphate to glucose, forming glucose-6-
phosphate, and the velocity of this reaction
can be made so much faster than the endoge-
nous ATPase that all ATP formed will be
ISOLATION OF EPIDERMAL MITOCHONDRIA 77
Fia. 8. This figure shows the malic dehydro-
genase activity of the various mixtures given in
Table VII. It can be seen that without KF pres-
ent, the addition of malate gives about a 100 per
cent stimulation of respiration, and KCN gives a
90 per cent inhibition. The addition of KF to the
no substrate control gives a stimulation of respira-
tion.
36
32 -
28 -
C,
24
a
cS' 20
16
2
8
4
0 20 40 60 80 100
Incubation Time in Minutes
Fia. 9. This figure shows the succinic dehydro-
genase activity in the various mixtures given in
Table VII. Respiration is dependent on the pres-
ence of succinate, and inhibited by KCN.
TABLE VIII
Incubation mixture for incorporation of P into
ATP by titrated skin mitochondria
Each reaction mixture was contained in a total
volume of 2.0 ml. There were 8 incubations, 4
with malate and 4 without. At 0 time, 20, 40 and
60 minutes, the 37°C incubations were stopped by
the addition of 1.0 ml of 10 per cent TCA, and the
resulting mixture
periments.
treated as in the previous cx-
Additions Malate No Malate
Nicotinamide 30 umoles 30 1zmoles
Na Glutamate 30 pmoles 30 moles
Cytoehrome C .03 ,moles .03 smoles
KF 50 pmoles 50 moles
MgClu 20 pmoles 20 /hmoles
ADP 20 ,amoles 20 moles
ATP 20 imoles 20 Jhmoles
DPN 10 imoles 10 moles
Na Malate 60 umoIes 0 moles
KH2PO4 5 umoles 5 zmoles
P2 Orthophosphate 100 uc 100 ,c
Skin Mitochondria + +
so
0C)
20
Incubation Time in Minutes
FIG. 10. The figure shows the incorporation of
P5° orthophosphate into ATP as a function of time.
The chromatograms have been marked, cut up
and counted as in the previous experiment and
the total counts inATP at each timed incubation
are shown. There is considerable radioactivity in
the ATP, but the addition of malate seems to
inhibit the incorporation.
a24
a.
20
2
C,
:1'
20 40 60 80 100
Incubation Time in Minutes
SUCC/NIC DEHYDROCENASE ACTIVITY
- OF "TITRATED°PREPARA lIONS
-,' Succlnote
,'Succ/ncte ,'-KF
-,'Succ/ncte *KCNSuccKKF- I/o Succin ate
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reflected in the net formation of glueose-6-
phosphate.
Table VII shows that approximately .3
imoles of glueose-6-phosphate was formed in
the reaction mixtures shown, but that this
phosphorylation was not sensitive to KCN.
In other experiments where liver and "ti-
trated" skin mitochondria were tested side by
side, and the velocities of oxygen uptake cal-
culated in terms of original gm tissue wet
weight, skin had the following relationship to
liver:
Skin malie dehydrogenase
=
.06 x liver malie dehydrogenase
Skin suecinie dehydrogenase
=
.25 x liversuecinie dehydrogenase
Skin eytoehrome e oxidase
= .10 x liver eytoehrome e oxidase
When liver extract was added to "titrated"
skin mitoehondria, malic dehydrogenase was
stimulated 10 per cent, suceinie dehydrogenase
stimulated 40 per cent, and eytoehrome e oxi-
dase was not affected.
SUMMARY AND DISCUSSION
A method for the preparation of mitoehon-
dna from epidermal tissue is described, and
appears to be substantiated electron micro-
scopically and biochemically.
There is no doubt that the particles isolated
from skin by our procedures are quite different
from classic liver mitoehondria, but whether
the difference is inherent in the particle or
arises as a result of isolation procedures re-
mains to be determined.
The fact that suceinie dehydrogenase activ-
ity is suppressed in skin mitoehondria iso-
lated under "acid" conditions, and not when
pH 7.4 is maintained, deserves some mention.
It has been postulated that some acid-acti-
vated protease might be injuring the "acid"
mitoehondria, but be suppressed under the
more alkaline conditions of pH 7.4.
There is also the somewhat puzzling effect
of KF on malie dehydrogenase respiration
and phosphorylation. The purpose of adding
the compound is to inhibit ADPase activity,
we have seen the concentration used in these
experiments to cause a 50 per cent inhibition
of the velocity of ADP hydrolysis. It appears
to have exerted either an uncoupling effect
(inhibition of phosphorylation without inhi-
bition of respiration) or an apparent activa-
tion of glutamie dehydrogenase.
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